To improve the outcome of relapsed/refractory acute myeloid leukemia (AML), a randomized phase II trial of three novel regimens was conducted. Ninety patients were enrolled and were in first relapse or were refractory to induction/re-induction chemotherapy. They were randomized to the following regimens: carboplatin-topotecan (CT), each by continuous infusion for 5 days; alvocidib (formerly flavopiridol), cytarabine, and mitoxantrone (FLAM) in a timed sequential regimen; or sirolimus combined with mitoxantrone, etoposide, and cytarabine (S-MEC). The primary objective was attainment of a complete remission (CR). A Simon two-stage design was used for each of the three arms. The median age of the patients in the FLAM arm was older at 62 years compared with 55 years for the CT arm and the S-MEC arm. The overall response was 14% in the CT arm (5/35, 90% CI 7%-35%), 28% in the FLAM arm (10/36, 90% CI, 16%-43%), and 16% in the S-MEC arm (3/19, 90% CI, 4%-36%). There were nine treatment-related deaths, seven of which occurred in the FLAM arm with four of these in elderly patients. We conclude that the FLAM regimen had an encouraging response rate and should be considered for further clinical development but should be used with caution in elderly patients.
| INTRODUCTION
Over the past 30 years, advances in treatment have enabled ≥50% of adult patients with acute myeloid leukemia (AML) to achieve a complete remission (CR). However, the median duration of CR is less than 2 years and is influenced heavily by risk factors, including age, cytogenetics, and molecular abnormalities. 1 For patients with AML refractory to induction therapy or in relapse, outcomes are poor, with only approximately 10% of patients surviving long-term. While subsequent chemotherapy can induce remission in some of these patients, the only curative therapy is hematopoietic cell transplantation (HCT). 2 There is an urgent need for more effective regimens to induce remissions in patients with refractory or relapsed disease.
The Leukemia Committee of the ECOG-ACRIN Cancer Research
Group studied three different regimens piloted at ECOG-ACRIN institutions in a randomized phase II trial described here. The first regimen consisted of carboplatin and topotecan, two agents that had exhibited cytotoxic synergy when administered simultaneously to multiple cell lines in vitro or to tumor-bearing mice in vivo. Although the mechanism of synergy is not completely understood, studies have suggested that platination of DNA could enhance trapping of topoisomerase I-DNA covalent complexes and contribute to enhanced toxicity of the combination. A CR rate of 33% was reported at the highest three dose levels in a phase I trial when administered simultaneously by continuous infusion for 5 days. 3 The second regimen incorporated alvocidib (formerly flavopiridol), a synthetic flavone that inhibits multiple cyclin-dependent kinases (CDKs). 4 Studies of alvocidib alone and in combination with other agents have shown that alvocidib kills a variety of neoplastic cells and, when withdrawn, allows surviving cells to re-enter the cell cycle and become sensitive to S-phase poisons such as cytarabine. 5 This observation led to serial studies combining alvocidib with cytarabine and mitoxantrone (FLAM) in a timed sequential fashion. A phase I study demonstrated the tolerability and the efficacy of this regimen with a response rate in AML patients of 31%. 6 A subsequent phase II study demonstrated a CR rate of 75% (12/15) in patients with newly diagnosed secondary AML and also 75% (18/24) of patients with a first relapse. 7 The third regimen combined sirolimus, an inhibitor of the mechanistic target of rapamycin (m-TOR), with a regimen of mitoxantrone, etoposide, and cytarabine (S-MEC). Previous studies have shown that combining an m-TOR inhibitor with etoposide led to a dramatic enhancement of cytotoxicity in AML ex vivo and prevented engraftment of primary AML samples in immunodeficient mice suggesting that inhibition of mTOR enhances response to chemotherapy and that survival of AML cells is disrupted. 8 A phase I study of S-MEC regimen produced a 22% response rate. 9 2 | PATIENTS, MATERIALS, AND METHODS
| Eligibility
Eligible patients had relapsed/refractory AML with ≥10% bone marrow blasts within 2 weeks prior to induction randomization. Patients with acute promyelocytic leukemia were excluded. Patients were stratified into those who had: (a) relapse less than 6 months after first CR documentation, (b) relapse between 6 and 12 months after first CR, or (c) disease refractory to conventional induction chemotherapy (two courses or less of initial induction or one course of first reinduction). Patients who had received more than two prior regimens or had a prior HCT were not eligible. Patients had to be between the ages of 18 and 70 years of age.
| Treatment
Patients were randomized to one of the following regimens (Supporting Information Table S1 ). 
| Study design
The primary endpoint was achievement of a CR or a CR with incomplete blood count recovery (CRi). Table 1 ).
The median age of patients in the FLAM arm was somewhat older at 62 compared with 55 years on the CT arm and S-MEC arm. There were 54 males and 37 females. The disease status of the patients was well distributed between the three arms, with approximately 50% of patients having refractory AML, 26-33% having relapse less than 6 months after achievement of first CR, and 17-23% having relapse occurring 6-12 months after achievement of first CR.
The subtypes of AML and hematological parameters are summarized in Table 2 . The median number of marrow blasts was lower in the S-MEC arm at 40% compared with 48% in the FLAM arm and 58% in the CT arm. Median leukocyte counts were low at 5 × 10 Table S2 ).
Forty patients had cytogenetic data at both diagnosis and enrollment. Clonal evolution was observed in 22 patients, including 9 patients with a complex karyotype at the time of diagnosis. In the remaining 18 patients, no clonal evolution was observed, including 10 patients with a normal karyotype at diagnosis, and patients with single chromosome abnormalities, such as del(5q), +8, del(11q), and +21.
Thirty-nine patients had cytogenetic results at pre-consolidation.
Thirteen showed a complex karyotype, often evolving from diagnosis or enrollment, and 16 showed a normal karyotype. Four patients had cytogenetic data at the time of relapse and all four showed the same abnormal clones that were observed at the time of diagnosis or enrollment.
| Response to study therapy
Among the first 16 eligible patients on each arm of the trial, there were 4, 4, and 2 patients achieving a CR + CRi on the CT, FLAM, and S-MEC arms, respectively. According to the two-stage design, the CT and FLAM arms met the pre-specified criterion of three or more responses in the first 16 patients to continue to the second stage of the study. The S-MEC arm did not meet this criterion and, therefore, closed with 19 eligible patients accrued.
The overall response for all eligible patients included two CR and three CRi in the CT arm, six CR and four CRi in the FLAM arm, and two CR and one CRi in the S-MEC arm ( Table 2 ). All 10 of the CR/CRi patients in the FLAM arm were among the first 33 eligible patients enrolled on this arm, and this met the protocol prespecified criterion for a promising response rate ( Table 2 ). The overall rates of achieving CR or CRi were 14% (90% CI 7%-35%) in the CT arm, 28% (90% CI 16%-43%) in the FLAM arm, and 16% (90% CI 4%-36%) in the S-MEC arm. In the FLAM arm, the response rate was higher in patients 60 or younger (40%, 90% CI, 19%-64%, n = 15) compared with that of patients older than 60 of age (19%, 90% CI, 7%-38%, n = 21), although the confidence intervals overlapped.
Among the 10 responders in the FLAM arm, 2 of 6 evaluable patients achieved a complete cytogenetic response, 1 did not, and 3 had normal cytogenetics at enrollment. In the other 4 patients on this arm, the cytogenetic response was unknown. For the CT arm, three of the five responders had normal cytogenetics at entry; one did not achieve a complete cytogenetic remission, and one was unknown.
Of the three responders in the S-MEC arm, one achieved a complete cytogenetic response, one had normal cytogenetics at study entry, and one was unknown.
Patients were allowed to receive up to two additional courses of the same treatment that was given in induction but, in fact, few did for unclear reasons. In the CT arm, one patient received one course of consolidation, and two patients received two courses of consolidation.
In the FLAM arm, two patients received one course of consolidation, and none received two; and in the S-MEC arm, only one patient received one course of consolidation.
Patients were also allowed to proceed to allogeneic HCT at the patient's and/or investigator's discretion. This, again, occurred in only a minority of patients and included five patients in the CT arm, two patients in the FLAM arm, and four patients in the S-MEC arm. Of these 11 patients, one was in CR, three in CRi, and 7 had stable disease. The reasons why so few patients proceeded to allogeneic HCT is not entirely clear as centers were only required to report that patients who went off protocol therapy were given alternate therapy.
A multivariable analysis of clinical variables that may be associated with response using logistic regression was performed. In primary analysis: n=36
In primary analysis: n=19
gender, ECOG performance status, disease status at study entry, and treatment arm. The association of these variables with response was not found to be statistically significant (data not shown) (Figure 1 ).
| Survival
Overall survival is shown in Figure 2 . 
months to not reached). Survival for patients achieving CR or
CRi is shown in Supporting Information Figure S1b , and is defined to be time from CR/CRi to death. Those alive were censored at the date of last contact. The median survival for CR/CRi patients was 14.0 months (95% CI 7.8 months to not reached) for the CT arm, 7.3 months (95% CI 5.5 months to not reached) for the FLAM arm, and not reached (95% CI 1.9 months to not reached) for the S-MEC arm. In the FLAM arm, seven of the eight deaths were from AML and in the eighth patient was unknown.
| Toxicity
Among the initial 27 patients accrued to the FLAM arm, there were 6 treatment-related deaths. In 5 of these 6 patients, death from septic shock or multi-organ failure occurred within 1 month of registration, and 4 of these 6 patients were over age 65. Therefore, in November, 2012, the upper age limit for the trial was lowered from 70 years of age to 65 years. One subsequent death was attributed to treatment after this amendment. 
5,16
Based on these in vitro observations, a phase I trial of alvocidib for 3 days, followed by a continuous intravenous infusion of cytarabine over 72 hr, starting on day 6 and mitoxantrone on day 9 was conducted. 6 Doses of alvocidib administered were 40, 50, and 60 mg/ m 2 . At the dose level of 60 mg/m 2 , two of the five patients treated had neutropenia lasting more than 40 days and an additional patient died of an acute nonischemic cardiomyopathy. The CR rate was 23%, and partial remission (PR) rate was 8%. Pharmacokinetic analysis demonstrated a linear 2 compartment model with first order elimination of alvocidib. Multiple alvocidib-target proteins, including BCL-2, MCL-1, and phospho-RNA polymerase II, were shown to be downregulated. 6 A phase II study of the FLAM regimen with alvocidib dosed at 50 mg/m 2 /day in combination with the same doses of cytarabine and mitoxantrone in the phase I trial has been reported. A 50% decrease in peripheral blood blasts was seen in 44% of patients by median day 2 and ≥80% decrease in 26% by day 3. Self-limited tumor lysis was found in 53% of patients. Three patients died during therapy, but CR was achieved in 12 of 15 (75%) patients with newly diagnosed secondary AML, 18 of 24 (75%) with AML in first relapse after a short CR, but in only 2 of 13 (15%) of with primary refractory AML, and 0 of 10 with multiply refractory AML. The DFS for all CR patients was 40% at 2 years, and newly diagnosed patients had a 2-year DFS of 50%.
7 Based on studies in chronic lymphocytic leukemia demonstrating that a pharmacologically modeled "hybrid" schedule of alvocidib administration of a 30-min bolus followed by a 4-hr infusion is particularly efficacious in CLL, 17 a phase I and pharmacokinetic study of bolus-infusion alvocidib followed by cytarabine and mitoxantrone in acute leukemia was conducted. Because of dose-limiting toxicity, which included tumor lysis syndrome, hyperbilirubinemia and mucositis, the recommended hybrid schedule was 30 mg/m 2 followed by an infusion of 60 mg/m 2 daily for 3 days, which is the regimen that was incorporated in the study reported here. 18 In a more recent report, this regimen, at a slightly reduced dose of alvocidib, 30 mg/m 2 over 30 min followed by 40 mg/m 2 over 4 hr daily for 3 days, was compared with a bolus alvocidib schedule of 50 mg/m 2 /day for 3 days in combination with cytarabine and mitoxantrone in a randomized phase II study. Response rates and DFS were similar between the two arms, and it was felt that, given the greater ease of the bolus administration schedule, this would be the preferred regimen. 19 At the time the present study was designed, however, the data on the hybrid regimen of 30 mg/m 2 over 30 min followed by 60 mg/m 2 daily for 3 days was the preferred regimen and was the dose and schedule used here.
While there was more toxicity in elderly patients with the FLAM regimen in the study reported here and therefore, more deaths, we identified this regimen as producing a higher CR rate than the others reported and therefore, worthy of further study. Similarly, a recent phase III trial randomized 711 patients with relapsed and refractory AML to vosaroxin, a first-in-class anti-cancer quinolone derivative plus cytarabine versus placebo plus cytarabine.
The CR rate was 30% for vosaroxin plus cytarabine versus 16% for patients receiving placebo plus cytarabine. Median OS was 7.5 months with vosaroxin plus cytarabine versus 6.1 months for placebo plus cytarabine (P = .06). 23 The results obtained with vosaroxin + cytarabine regimen were similar to the results achieved with the FLAM regimen in the study presented here, although the mix of patients in the vosaroxin study was different with an older median age of 63, a lower percentage of refractory patients and including 22% of patients who had relapsed 12 months or more after achieving CR suggesting a more favorable risk group overall.
Even though the response rate with the FLAM regimen in the study presented here was encouraging, this regimen is not without toxicity. Of the nine treatment-related deaths, seven occurred in the FLAM arm, and four of these occurred in patients over the age of 65, which led to an amendment of the protocol during the course of the study to exclude patients over the age of 65. Nonlethal toxicities among patients in the three arms, however, were not significantly different.
Because of these toxicities, as well as somewhat limited efficacy, results with the FLAM regimen in this study remain far from ideal. The ability to define who can reap benefit from FLAM without incurring overwhelming toxicity is dependent both on clinical observations and molecular biomarkers. 24, 25 An international randomized trial of FLAM versus cytarabine plus mitoxantrone (AM) without alvocidib (NCT02520011) is currently recruiting patients.
Much still needs to be done to improve outcomes in patients with relapsed and refractory acute myeloid leukemia. It is hoped that new agents targeting mutated genes in AML will bring further improvement in outcomes. Some of these agents have been recently reported and are in further development.
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| CONCLUSIONS
We conclude that the FLAM regimen has an encouraging response rate, but poor overall survival because of increased toxicity, particularly in elderly patients. It should be considered for further clinical development with a focus on use in younger patients.
SUPPORTING INFORMATION
Additional supporting information may be found online in the Supporting Information section at the end of the article. 
